Lead-tin solder has been commonly utilized to connect electric circuits and can thus be an important item of physical evidence in criminal investigations. When a hand-made bomb, or an automated firing mechanism, is used in terrorism, a chipping of solder recovered from the crime scene should be compared with an unused one seized from a suspect. If two kinds of these solder samples are proved to originate from the same source, they can provide valuable physical evidence that associates the suspect to the crime. In the forensic discrimination of industrial products, such as lead-tin solder, the analysis and comparison of trace impurities are expected to provide excellent results, since the contents of trace impurities, which are not strictly controlled during the manufacturing process, show a large variation among different samples. In fact, a number of successful applications of this technique have been reported during the examination of copper wires, 1 aluminum foils, 2 lead shotgun pellets, 3-5 glass fragments [6] [7] [8] and arsenous acids. 9 Analytical instruments for this purpose should have high sensitivity for the ppm level of trace elements in a limited amount of evidential material. A capability for simultaneous multi-elemental analysis is required to analyze various kinds of elements contained in solders as impurities, since the obtained information should be given to criminal investigators as quickly as possible. Inductively coupled plasma atomic emission spectrometry (ICP-AES) is one of the ideal instruments used to satisfy all of these requirements, and has been applied to the analysis of solder by Cargo, 10 Wynn, 11 Guecheva 12 and Yamamoto. 13 However, these methods were developed especially for the quality control of solders as industrial product, and thus should not be utilized in the examination of solders as trace physical evidence, because of the large amount of sample consumed for the analysis. In this study, trace impurities in lead-tin solder were determined by ICP-AES using only 10 mg of the sample. The proposed method was applied to NIST SRM 1131 to assess the accuracy and precision of the concentrations measured by this procedure.
In addition, the analytical results for 18 kinds of commercially available solder samples were compared with each other in order to evaluate the discrimination capability of this method. It was also investigated whether the melting process by a soldering iron effects the concentrations of the trace impurities or not.
Experimental

Apparatus
The ICP-AES instrument used in this study was Model SPS-1700HVR (Seiko Instruments Inc., Chiba, Japan). It was equipped with a c-type quartz torch to introduce a sample solution containing high concentrations of lead and tin. Energydispersive X-ray fluorescence spectrometry (XRF) of Model Eagle II (Edax Japan K. K., Tokyo, Japan) was used to analyze the surface of the soldering iron. The operating conditions for ICP-AES and XRF are given in Table 1 and Table 2 , respectively.
Reagents
Purified water used throughout this experiment was prepared by a Milli-Q system (Nihon Millipore Kogyo Ltd., Osaka Japan). Nitric acid and hydrochloric acid used were those for measuring poisonous metals (Kanto Chemical Co. Inc., Tokyo, Japan). Multi-element standard solutions containing 1 or 10 µg ml -1 of each element in 10% of nitric and hydrochloric acid by volume were prepared for every use by mixing single-element standard solutions for atomic absorption spectrometry (Kanto Chemical Co. Inc., Tokyo, Japan) and used as working standard solutions for calibration.
Samples
Standard Reference Material 1131 (Solder 40Sn-60Pb), Trace impurities in lead-tin solders were determined using inductively coupled plasma atomic emission spectrometry (ICP-AES) for the forensic discrimination of solder samples from different origins by a comparison of the concentration for each element. After about 10 mg of sample was accurately measured and taken into a glass tube, 1 ml of HNO3 was added. The tube was capped and heated at 80˚C for 10 min. After cooling to the room temperature, 1 ml of HCl and 2 ml of purified water were added. It was then agitated until the sample was completely dissolved, followed by dilution to 10 ml. Five elements (Sb, Bi, Cu, As and Ag) in this solution were determined by ICP-AES. The observed values for these elements in the NIST Standard Reference Material 1131 showed good agreement with the certified ones. Eighteen kinds of solder samples could be distinguished from each other, since all of the pairs among these samples provided remarkable difference in the concentration of the trace elements. The copper concentration should have been excluded from the comparison when it increased after melting by a soldering iron made of copper.
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purchased from NIST, was analyzed to evaluate the accuracy and precision of the concentrations obtained by this method. Eighteen kinds of solder samples, produced by more than 10 manufacturers, were collected and analyzed in order to determine the discrimination capability by comparisons of concentrations for trace impurities. The manufacturers and brand names of these samples are given in Table 3 . Samples of the same manufacturer and brand name were purchased on different dates or at different sources. The solder samples were wiped with acetone and dried in the air before use. Subsequently, a solder wire of approximately 1 cm in length was taken 5 times from every 5 cm in each sample, as shown in Fig. 1 . After that, solder metal was cut from the outside surface of the wire by a steel blade and used for analysis. It should be important never to take the resin inside the wire during this process.
Procedure
A chipping of solder was completely dissolved in a mixture of HNO3 and HCl as follows. About 10 mg of solder metal was accurately measured by a micro-balance with an accuracy limit of 100 µg, and taken in a glass tube and 1 ml of HNO3 was added. The tube was capped and heated at 80˚C in a water bath for 10 min. After cooling to room temperature, 1 ml of HCl and 2 ml of purified water were added, and it was agitated vigorously until the sample was completely dissolved. This solution was transferred into a volumetric flask, followed by dilution to 10 ml with purified water. Five elements (Sb, Bi, Cu, As and Ag) in this sample solution were determined by ICP-AES.
Results and Discussion
Selection of elements for discrimination
Before a quantitative analysis, useful trace elements for the discrimination of solders were selected as follows. The sample solutions prepared from the solders listed in Table 3 were qualitatively analyzed by scanning the profiles of all the measurable elements at the wavelength giving the highest sensitivity for each element. As a result, five trace elements (Cu, As, Ag, Sb and Bi) were found to be effective for the discrimination, because the emission intensities of these elements were sufficiently high to determine in more than half of the samples and a considerable difference in the emission intensities of each element was observed among the different solder samples. 
Analytical result for standard sample
The proposed method was applied to NIST SRM (standard reference material) 1131 in order to estimate the accuracy and precision of the concentrations by this method. The analytical results are given in Table 4 . The sample preparation and ICP-AES measurement were repeated 5 times independently. The certified values for Cu, Ag and Bi are referred from a paper by Cargo et al., 10 together with the error of each element, whereas only the certified values included on the SRM sheet are available for As and Sb. The observed values for 5 elements show good agreement with the certified values, which demonstrates that the concentrations of trace impurities with sufficient accuracy can be obtained by this method. It is rather valuable for effective source discrimination that the relative standard deviations (RSDs) for these elements are within 2%, except for As. From this result, it is expected that a comparison of the analytical results can offer excellent discrimination capability if the solder samples are sufficiently homogeneous, and exhibit the range in the concentration of the trace elements across different sources that is much larger than the variation within the same sample. The poor precision for As can be ascribed to the fact that the concentration of As in the SRM is close to the detection limit. The detection limits of each trace element listed in Table 4 are determined as follows. A blank solution containing 600 µg/ml of Pb and 400 µg/ml of Sn was prepared by mixing single-element standard solutions for each element. It was preliminarily confirmed by scanning the profiles that the concentration of each trace element in this blank solution was negligible. This blank solution was then analyzed as the background, and the detection limits were calculated as the concentration of each trace element in the solder samples which gave an emission intensity three-times as strong as the standard deviation of the background.
Analytical result for solder samples
The proposed method was applied to 18 solder samples from the different sources in order to evaluate the discrimination capability by comparing of trace elements. The analytical results are given in Table 5 , together with the minimum and the maximum concentrations and the mean values for the RSDs in each element. In most of the samples, the variation of the trace elements within a same sample was larger than that in the SRM, except for As. This result can be attributed to the slight heterogeneity of trace elements in a practical sample to some extent. However, the heterogeneity of this level is supposed to cause no problem for discrimination, because the range of trace elements across the different samples is many times greater than the variation within an individual sample for all 5 elements. In fact, trace elements in the solders could be determined with satisfactory excellent reproducibility, which is represented by RSDs less than 10% at a sufficiently high concentration of each element. These results indicate that the trace elemental composition can provide excellent discrimination capability among different sources of solder samples. It should be noted that the analytical results with RSDs more than 10% are often obtained at a considerably low concentration, approximately under five times the detection limits. The discrimination of these samples by analytical results was performed as follows. The range (mean ± 2SD) of each element was compared between two samples. If the ranges overlapped for all of the elements, the samples were considered to be indistinguishable, whereas if the ranges for one or more elements were separated, the samples were considered to be distinguishable. All 153 pairs among 18 solder samples could be discriminated from each other by this method. It should be emphasized that samples of the same brand name could be distinguished. The difference of trace impurities among these samples might be attributed to the difference of raw materials used during the manufacturing process. In fact, the combination of only 3 elements (Cu, Ag and Bi) is sufficient to allow complete discrimination among all of these samples. This result indicates the extremely low probability that any two samples 417 ANALYTICAL SCIENCES MARCH 2003, VOL. 19 from different sources exhibit overlapping in the range of all five elements accidentally, even when a large number of solder samples are added to the collection.
Influence of melting on the analytical results
A chipping of solder found at a crime scene had usually been melted by a soldering iron when the automated mechanism used in the crime was assembled. On the other hand, most of the solder samples seized from a suspect are before use. In order to accurately discriminate between the two, it must be previously examined whether melting by a soldering iron affects the concentration of trace elements or not. In this study, the influence of melting on the trace elements was investigated by comparing the analytical values for the same solder sample between before and after melting. Two kinds of soldering iron were used to melt the solders. The surface of these irons was analyzed by X-ray fluorescence spectrometry, and it was found that the major components of these irons were Fe + Al (iron A) and Cu (iron B), respectively. For this experiment, solder samples 3 and 13 were selected to cover the high and the low concentration of each trace element. Two pieces of solder wires, approximately 5 cm in length, were taken from each sample, and one was melted by soldering iron A, while the other by B. The resin in the center of the soldering wire was not removed while preparing the melted solder samples. Five trace elements in two kinds of melted solders were determined by the proposed method. Sample preparation and an ICP-AES measurement were repeated three times independently. The results are given in Table 6 together with those for non-melted solders. The concentration of Cu was found to increase only when the soldering iron B was used, which is probably due to the contamination of Cu from the soldering iron. No significant difference was observed in the concentration of the other trace elements between the melted and the non-melted samples. These results lead to the following several conclusions, which should be taken into account during the examination of casework samples. First, the resin in the center of the soldering wire has no measurable effect on the analytical results of trace elements. Second, not only the control solder, but also the soldering iron, must be seized from the suspect and subjected to an elemental analysis. The major component of the soldering iron should be excluded from the comparison in order to avoid inaccurate discrimination. Third, if the suspected solder sample found at the crime scene shows the concentration of any trace elements much higher than the controlled one, it can provide useful information to decide which type of soldering iron was used in the crime.
In conclusion, the analysis and comparison of trace impurities by the proposed method are useful for the forensic discrimination of lead-tin solders. 
